INTRODUCTION
Leukemia inhibitory factor (LIF) is an anti-inflammatory cytokine that increases neural cell survival and improves motor skill function after permanent ischemic stroke. LIF plays an important role in controlling post-stroke pathological events, which involve the initial brain damage from 0 to 24 h and macrophage-mediated secondary immune responses from 24 to 72 h. We previously confirmed that LIF decreased neural cell degeneration and improved motor skill performance three days after stroke in rats during focal cerebral ischemia (1, 2) . LIF administered intravenously readily crossed the bloodbrain barrier (BBB) using a saturable transport system because the transport rate of LIF crossing the BBB and blood-spinal cord barrier increases during CNS injury (3) (4) (5) . However, LIF-dependent neuroprotection and motor skills were not sustained at later time points after stroke presumably due to a short blood half-life of approximately 2 h in the body (6) . LIF also lost its bioactivity during storage following freeze-thaw cycles. However, a short in vivo half-life and biostability limit the therapeutic potential of LIF in attenuating brain damage and facilitating long-term recovery after stroke.
Monocytes/macrophages are one of the key effector cells in the post-stroke inflammatory response (7, 8) . The inflammatory response initiated by these peripheral immune cells results in a second wave of neurodegeneration. LIF causes peripheral macrophages to release anti-inflammatory cytokines that attenuate post-stroke neuroinflammation. As a result, the treatment of macrophages with LIF decreases inflammatory signaling and curbs additional neurodegeneration (9, 10) .
To enhance neuroprotectionwe have developed in this study LIF-loaded nanoparticles (NanoLIF) that can prolong the stability and activity of the cytokine for future in vivo use. To attenuate peripheral inflammation, NanoLIF is also modified on the surface with the CD11b antibody (CD11b-NanoLIF) that can bind to the CD11b membrane protein overexpressed on macrophages (11, 12) . CD11b-NanoLIF is expected to target activated peripheral and splenic macrophages to inhibit the secondary inflammation in the injured brain. Figure 1 illustrates a potential stroke treatment strategy that NanoLIF will slowly release LIF treating the initial brain damage while CD11b-NanoLIF will target macrophages to inhibit the secondary immune response. These nanoparticles are designed to increase the local concentration of LIF near stroke sites to enhance the transport of the cytokine into the injured brain. Liposomes, emulsions and other nanoparticle formulations were previously developed for delivery of LIF and other proteins to the brain. Although these nanoparticles have demonstrated feasibility to improve the bioactivity of LIF in vivo, their properties are not yet optimized with LIF for treatment of brain ischemia because the release of LIF from the nanoparticles was too fast or storage stability was extremely low in freeze-thaw cycles. In addition, existing LIF formulations often fail to target specific cells for selective LIF delivery. In contrast, NanoLIF and CD11b-NanoLIF are designed to overcome these limitations and improve LIF stability and bioactivity by sustained release and macrophage-targeted delivery of the cytokine.
Nanoparticles are widely used as delivery vehicles improving blood retention time, in vivo stability, and targeted delivery of various therapeutic agents (small molecule drugs, nucleotide drugs, and proteins). Their surface is generally designed to be hydrophilic to prevent protein adsorption in the body, while the core is engineered to entrap various molecules. Previous studies confirmed that nanoparticles are large enough to avoid transcellular and paracellular diffusion through healthy blood vessels, yet they are small enough to cross the disrupted blood vessels found in damaged tissues with inflammation (13) (14) (15) (16) . We have reported that Fig. 1 Post-stroke pathological events in the brain and novel therapeutic approach using NanoLIF. (a) Neurodegeneration involves acute brain damage in the early stage after stroke followed by secondary immune response due to macrophage activation. (b) NanoLIF releasing LIF in the blood and damaged brain sites for a prolonged time is expected to increase concentrations and therapeutic efficacy of the cytokine. (c) CD11b-NanoLIF targeting inflammatory macrophages hold promise to suppress secondary immune response and thus improve stroke treatment and patient recovery.
nanoparticles made from biocompatible polymer assemblies forming 20~50 nm micelles are particularly useful to protect therapeutic agents from precipitation, serum adsorption, phagocytic and renal clearance (17) (18) (19) . We expect that nanoparticles will also protect LIF in the core from denaturation and rapid clearance in the body while delivering the cytokine to ischemic sites in the brain more efficiently to maximize and extend the therapeutic benefits of LIF in stroke treatment. The nanoparticles will be particularly useful to improve blood retention half-life of LIF for prolonged efficacy for future in vivo applications.
Based on this background, the current study focuses on investigating if nanoparticles will protect LIF in the core from denaturation and enhance the bioactivity of LIF by CD11b-mediated targeting of macrophages in in vitro M1 cell culture systems. Pharmaceutical benefits of encapsulating cytokines in nanoparticles are also discussed to develop new therapeutics for stroke treatment.
MATERIALS AND METHODS

Chemicals and Cells
α-Hydroxyl-ω-acetyl-poly(ethylene glycol)-poly(lactic acid) (PEG-PLA, 5-5.3 kDa) was purchased from Polymer Source (Quebec, Canada). p-Maleimidophenyl isothiocyanate (PMPI) and tris(2-carboxyethyl)phosphine (TCEP) were purchased from Sigma Aldrich (St. Louis, MO). CD11b antibody was purchased from Abcam (Cambridge, United Kingdom). Ethanol, PBS, RPMI-1640 cell culture medium, DMSO, desalting columns with 7.5 kDa molecular weight cutoff (MWCO), and spin filters with 100 kDa MWCO were purchased from Fisher Scientific (Waltham, MA). DuoSet ELISA kit for human LIF was purchased from R&D Systems (Minneapolis, MN). TIB-192 murine myeloid leukemia (M1) cells were purchased from ATCC (Manassas, VA). Cells were cultured in a humidified condition at 37°C in 5% CO 2 following the ATCC recommendations. Heat-inactivated fetal bovine serum, 0.4% Trypan Blue solution, and penicillin/ streptomycin solution were purchased from Corning (Manassas, VA). Recombinant human LIF was purchased from Prospec-Tany Technogene (New Brunswick, NJ).
Synthesis of Antibody-Conjugated PEG-PLA Polymer
CD11b antibody was conjugated to PEG-PLA following the two-step reaction shown in Fig. 2 . First, PEG-PLA and PMPI were reacted in DMSO overnight at room temperature. PMPI-activated PEG-PLA was purified twice by desalting column and collected by freeze drying. Next, PMPIactivated and regular PEG-PLA were mixed in ethanol at 9:1 (w/w) and the solution was titrated into an equal volume of PBS. Ethanol was removed from the solution under nitrogen flow at room temperature to prepare surface-activated nanoparticles. CD11b antibody was then conjugated to the surface of nanoparticles by using TCEP in PBS for 2 h at room temperature. The reaction aimed for a 1.0% molar substitution of CD11b antibody to PEG-PLA in polymer micelles. CD11b-conjugated nanoparticles were purified by centrifugal filtration and stored in solution. Antibody conjugation was verified by proton NMR spectroscopy (Varian 400 MHz).
Preparation of NanoLIF and CD11b-NanoLIF
NanoLIF and CD11b-NanoLIF were prepared by a solvent evaporation method. Briefly, PEG-PLA polymer or CD11b-conjugated PEG-PLA polymer was dissolved in ethanol (2 mg/ml) and mixed with LIF in water (5 μg/ ml) to prepare 1 ml of 1:1 ethanol: water mixed solvent. Ethanol was evaporated under nitrogen flow for 2 h, and the solution was lyophilized to prepare NanoLIF. Freeze-dried NanoLIF and CD11b-NanoLIF were reconstituted in PBS to quantify the concentration of active LIF remaining in the solution by ELISA. The loading efficiency (LE) of LIF was determined from the weight ratio of LIF to nanoparticles, and the encapsulation efficiency (EE) of LIF was determined from the weight ratio of entrapped LIF to added LIF. Empty particles were prepared as a negative control by repeating the solvent evaporation method without adding LIF. PGLA nanoemulsions containing LIF were prepared as a positive control as previously described (20) .
Characterization of Physicochemical Properties
The diameter and surface charge of NanoLIF were determined by Zetasizer Nano (Malvern, UK). The critical micelle concentration (CMC) of NanoLIF in solution was determined by using a pyrene method. Stock solutions of polymer (2 mg/ml, PBS) and pyrene (30 μM, acetone) were prepared. Pyrene solution (2 μL) was added to serial dilutions of polymer solutions (100 μL) and incubated overnight at 37°C. The ratio of pyrene fluorescence peaks I1 (Ex 334 nm/Em 372 nm) and I3 (Ex 334 nm/Em 383 nm) was plotted against polymer concentrations, and the CMC was determined from the inflection point of the graph.
ELISA Quantification and Verification of Bioactive LIF
We first confirmed that the Human LIF ELISA kit was specific for active LIF and insensitive to denatured LIF. One hundred pg of LIF that was stored at 4°C was quantified according to the kit instructions. The same quantity of LIF that had been incubated at 100°C for 10 min served as a negative control. The percentage of biologically active LIF was calculated by dividing the quantity of LIF detected by ELISA by the total LIF.
Quantification of LIF in NanoLIF Particles
Human LIF ELISA kit was used to quantify bioactive LIF in PGA-PLA nanoparticles that were conjugated to CD11b or left unlabeled. We compared the concentrations of LIF in the NanoLIF particles to nanoemulsions made of poly(D,Llactide-co-glycolide) (PLGA) and poly(vinyl alcohol) (PVA), which had been reported in previous studies as an injection formulation of LIF (21) . The DuoSet. Empty NanoLIF and free LIF were used as negative controls for the nanoparticles and cytokine in the ELISA.
Determination of LIF Release from Nanoparticles
Nanoparticles entrapping LIF were reconstituted in PBS at 1 mg/ml and mixed with M1 cell complete medium (RPMI-1640 medium containing 10% heat-inactivated FBS and 1% penicillin/streptomycin solution). Samples were taken at 2, 4, 6, 24, 48, and 72 h after incubation to calculate the LIF release kinetics. LIF concentrations were quantified by ELISA. The percentage of total LIF released was calculated at each time point. Free LIF was used as a positive control for the NanoLIF. The concentrations of LIF remaining in the supernatant at various time points during the incubation were used to calculate the percentage of LIF remaining in the nanoparticles. Nonlinear regression analysis using an F-test was performed to determine the release of LIF by a one phase exponential decay or two phase exponential decay pattern.
LIF Bioactivity Assessment
The bioactivity of LIF in the nanoparticles was determined as previously described with several modifications (22) . TIB-192 murine leukemia (M1) cells were plated in 24 well culture plates at an initial density of 500,000 cells/well in 1 ml of M1 complete cell medium. Cells were treated with PBS, LIF (20 ng), NanoLIF (7.7 ng), and CD11b-NanoLIF (4.1 ng). Equal volumes of empty NanoLIF and CD11b-NanoLIF were used to treat M1 cells to ensure that the empty particles had no negative effect on cellular proliferation. Cells were incubated at 37°C with 5% CO 2 for 72 h, and diluted in an equal volume of 0.4% trypan blue dye solution in PBS. The number of viable cells was counted with a hemocytometer. These values were used to calculate the cellular proliferation rate as a percentage of the PBS treatment group. Results were compiled from three experiments utilizing M1 cells from different passages.
LIF Stability Assessment
Free NanoLIF and CD11b-NanoLIF were dissolved in sterile PBS and incubated at 25°C for 12 h. Free cytokine and NanoLIF samples stored at 4°C for 12 h were used to control for the variation in temperature. The proliferation rates of the LIF and NanoLIF-treated groups were expressed as a percentage of the PBS-treated group for each experiment. The experiments were repeated in triplicate using cells with different passage numbers. Nanoparticle solutions went through one freeze-thaw cycle were also used for comparison. NanoLIF and nanoemulsions were lyophilized and incubated at 37°C for 24 h. These 'pre-treated' NanoLIF (20 ng) was used to treat M1 cells to determine changes in LIF bioactivity following 72 h incubation.
Statistical Analysis
All statistical tests were performed by using GraphPad Prism (La Jolla, CA). Data in all figures and tables was expressed as the mean ± standard deviation. Experiments containing three or more treatment groups were analyzed using a one-way or two-way ANOVA followed by the protected Fisher's LSD post hoc test. Data containing two treatment groups was analyzed by using an independent student's t test. Welch's correction was applied in the case of unequal variances between treatment groups. All reported p values are one-tailed. A p value of <0.05 was considered significant. 
RESULTS
reaction had a 90% molar substitution yield, based on a comparison of measured molar antibody substitution to the theoretical substitution.
Nanoparticle Characterization
An average diameter of NanoLIF was 40 ∼ 52 nm while CD11b-NanoLIF had a diameter 20% smaller than unlabeled NanoLIF (Table I) . Both NanoLIF and CD11b-NanoLIF showed neutral surface charge. The CMC of LIFloaded nanoparticles was <100 μg/ml, which is low enough to ensure particle stability in vitro and in vivo applications. Noticeably, the CMC of antibody-free NanoLIF was 3-fold greater than CD11b-NanoLIF. NanoLIF showed <2% (w/w) LIF loading and CD11b-NanoLIF had two times greater LIF entrapment in comparison to antibody-free NanoLIF (Table II) .
Improved LIF Stability
ELISA was sensitive enough to detect 7.8 pg of free bioactive LIF in solution, and the assay confirmed that 77.5% of LIF in the original sample after one freeze-thaw cycle was biologically active. LIF incubated at 100°C for 10 minutes completely lost its bioactivity (Fig. 3) . ELISA revealed that nanoparticles protected LIF more effectively than nanoemulsions following lyophilization and freeze-thaw cycles of initial optimization experiments. Pre-treated NanoLIF contained more bioactive LIF than the purified nanoemulsion sample in larger scale preparation experiments (t = 5.182, df = 2, p = 0.0176; Fig. 4 ). NanoLIF and CD11b-NanoLIF contained 222 ng and 331 ng of biologically active LIF per mg particles, but there was no statistical significance between the values (t = 1.766, df = 2; p = 0.1097; Fig. 5 ). 
Sustained Release of LIF from Nanoparticles
Free LIF incubated in RPMI-1640 complete cell culture medium at 37°C with 5% CO 2 did not significantly altered the concentration of biologically active LIF from 0 to 72 h after the start of the incubation period (F 6,2,12 = 1.681; p = 0.2090). However, NanoLIF changed the total released LIF concentration over this time period and demonstrated a gradual release of LIF (Fig. 6, F 13 ,2,26 = 9.347; p < 0.0001). NanoLIF released cytokine at a sustained rate, and the release half-life was approximately 30 h, which was a significant improvement compared to the nanoemulsions (< 2 h). NanoLIF released approximately 14% of LIF at a fast rate in the initial stage (< 6 h) and slowed down the cytokine release in the late stage. NanoLIF completely released LIF in 72 h (Table III) . These results were fitted to first-order and second-ordered exponential curves. The two-phase release profile better fitting the release kinetics of the NanoLIF (F 3,19 = 4.164; p = 0.020; Fig. 7 ) suggested that NanoLIF released the cytokine binding weakly to the nanoparticle shell or core-surface interface first and the LIF entrapped in the core of the particle later.
Enhanced LIF Bioactivity from Prolonged Incubation at 25°C. Figure 3 shows that NanoLIF protects the free LIF during lyophilization and retains LIF bioactivity during incubation at 25°C for 12 h. Biological activity of free LIF decreased during incubation at 25°C, but the cytokine entrapped in nanoparticles showed significantly greater bioactivity than free LIF (t = 7.375, df = 4, p = 0.0009; Fig. 8a ). In addition, the M1 cells treated with NanoLIF for 12 h at 25°C showed significantly lower rates of proliferation compared to cells treated with pre-incubated LIF (t = 2.270, df = 6, p = 0.0319; Fig. 8b ). Although NanoLIF successfully protected Fig. 4 The purified NanoLIF samples that were lyophilized after processing had significantly higher concentration of encapsulated LIF compared to the purified PGLA nanoemulsions that were preserved via lyophilization (*p < 0.05; n = 2 measurements per sample). Fig. 3 Seventy-seven percent of the LIF that was stored at 4°C was recognized as biologically active LIF, but none of the denatured LIF was detected by the ELISA. All measurements are reported as mean ± standard error of the mean (n = 3 measurements per sample).
Fig. 5
The unlabeled NanoLIF particles contained approximately 222 ng/ml of biologically active LIF and the CD11b-NanoLIF particles contained approximately 331 ng/ml (n = 3 measurements per sample).
Fig. 6
There was a significant change in the quantity of LIF released from NanoLIF particles over the 72 h period (*p < 0.0001). However, the concentration of LIF in the supernatant was not significantly altered over this period (n = 3 measurements per time point).
LIF from incubation at 25°C, the results of the ELISA showed no significant difference in LIF bioactivity between NanoLIF formulations frozen/thawed once or freshly prepared from a frozen stock solution at −20°C (t = 0.3940, df = 4, p = 0.3568; Fig. 9a ). M1 cell proliferation reduced after the freeze-thaw cycle, but this trend did not reach statistical significance (t = 0.7343, df = 8, p = 0.2419; Fig. 9b ).
Effective Inhibition of M1 Cell Proliferation by NanoLIF and CD11b-NanoLIF LIF and NanoLIF significantly altered the rate of M1 proliferation (F 5,12 = 8.592, p = 0.0012). 20 ng of LIF significantly reduced the proliferation rate compared to the PBS group (*p < 0.05). NanoLIF (*p < 0.05) and CD11b-NanoLIF (**p < 0.01) significantly reduced the proliferation rate of the M1 cells. The rates of proliferation for cells treated with empty unlabeled NanoLIF (#p < 0.05) or empty CD11b-NanoLIF (^p < 0.0001) were significantly greater than rates of proliferation for cells treated with their LIFcontaining counterparts. However, there was no significant difference in proliferation between cells treated with PBS and cells treated with empty NanoLIF and CD11b-NanoLIF (Fig. 10a) . Due to the difference in cytokine entrapment efficiency between the between the NanoLIF and CD11b-NanoLIF micelles, the proliferation rates for each treatment group calculated the normalized % decrease in M1 cell proliferation per ng of LIF in each sample. There was a significant difference in the efficacies of LIF, NanoLIF, and CD11b-NanoLIF (F 2,6 = 20.69, p = 0.0020). NanoLIF treatment yielded a significantly higher decrease in M1 proliferation per ng of LIF compared to LIF alone (**p < 0.01). However, the CD11b-NanoLIF yielded the highest decrease in M1 proliferation per ng LIF, which was significantly greater than the decrease in proliferation observed with LIF (*p < 0.05) and NanoLIF (#p < 0.05; Fig. 10b ).
DISCUSSION
Stroke treatment requires therapeutics that concurrently reduce inflammation and promote neural cell survival. We previously reported that systemic administration of LIF to rats during focal cerebral ischemia diminishes degeneration of oligodendrocytes and neurons and improves functional recovery (1,2). Despite its therapeutic potential, LIF showed short blood retention time with a half-life of only 2 h due to its multiple disulfide domains and its tight regulation by serum proteases (6) . We also found that LIF was prone to denaturation losing bioactivity during storage at 25°C, in vitro assays at 37°C, or even freeze-thaw cycles. Poor stability and bioactivity limit therapeutic benefits of LIF as a potential therapeutic for effective stroke treatment. After encapsulation of LIF in nanoparticles in PEG-PLA nanoparticlesthe LIF-loaded nanoparticles not only increased potency but also protected the cytokine from thermal degradation. NanoLIF released LIF over an extended time with a release half-life of approximately 30 h well past its limited stability. Moreover, CD11b-conjugated NanoLIF retained these pharmaceutical advantages over free LIF. These results suggest that NanoLIF and CD11b-NanoLIF in combination will improve the efficacy of LIF as a therapeutic agent modulating the complicated pathological events involved with stroke. For instance, NanoLIF releasing LIF slowly near the injured brain sites can prolong therapeutic efficacy suppressing initial brain damage while CD11b-NanoLIF target macrophages and microglia triggering the secondary immune responses to the brain in the later stage.
Data suggests that NanoLIF will overcome limitations of other nanoparticle formulations previously developed, such as nanoemulsions containing LIF. Previously, nanoemulsions containing LIF were labelled with CD4 antibodies for delivery of LIF to T cells (20) . We initially prepared LIF-loaded nanoemulsions, but we found that activity of LIF decreased Fig. 7 The pattern of LIF release from the NanoLIF particles over a 72 h time period was closely resembled a second order exponential decay pattern (n = 3 measurements per time point; p < 0.05). The quantity of LIF released over the course of 72 h was used to calculate the release kinetics of NanoLIF significantly after loading compared to micelles prepared in a similar manner (1 ng/ml in nanoemulsions s 20 ng/ml in NanoLIF). Furthermore, previous studies have shown a low concentration of encapsulated LIF within the nanoemulsions (1 ng/ml) (20) . On the other hand, NanoLIF entrapped up to 331 ng/ml LIF. Increased drug loading of NanoLIF will allow for the injection of larger amounts of cytokine to better test the therapeutic potential of LIF. Addition of CD11b antibody decreased nanoparticle size and increased nanoparticle stability, possibly due to alteration of the PEG shell. CD11b antibodies could disrupt PEG chains in the nanoparticle corona because 48 kDa antibodies are bulkier than 5 kDa PEG. This theoretical mechanism explains why CD11b-NanoLIF nanoparticles had a smaller diameter and lower CMC than PEG-PLA nanoparticles (Table I) . CD11b-NanoLIF with increased stability was able to entrap 50% more bioactive LIF than antibody-free NanoLIF. Antibody conjugation did not adversely affect the LIFinduced growth inhibition of M1 cells.
This study shows that LIF encapsulated in nanoparticles is more efficacious than free LIF in inhibiting M1 cell growth. CD11b-NanoLIF is designed to attach to activated macrophages and increase the probability of released LIF binding to its receptor on these cells.. Park et al. previously targeted naive T lymphocytes using CD4 antibody-conjugated nanoparticles containing LIF (20) . These targeted nanoparticles were successful in treating a rodent model of multiple sclerosis, which is characterized by T cell-mediated damage of white matter (21) .
CD11b-NanoLIF should be effective in the treatment of other macrophage-based diseases because LIF alters the phenotype of macrophages from inflammatory to anti-inflammatory. For example, macrophage activation syndrome is a serious condition caused by the over-activation of macrophages. Only broad spectrum anti-inflammatory agents, such as glucocorticoids and cyclosporine, have provided the remedy (23, 24) , but these drugs also increase the risk of opportunistic infections by causing widespread immunosuppression (25) . Fig. 9 (a) NanoLIF did not significantly reduce the degradation of biologically active LIF after one freeze/thaw cycle as measured by the ELISA (n = 3 measurements per group). (b) Although there was a trend towards decreased M1 proliferation after treatment with NanoLIF, this decrease was not statistically significant (p > 0.05; n = 5 independent experiments). Fig. 8 NanoLIF reduced degradation of biologically active LIF after incubation at 25°C for 12 h as measured by (a) ELISA (*p < 0.001; n = 3 measurements per group) and (b) the M1 cell proliferation assay (*p < 0.05; n = 4 independent experiments).
CD11b-NanoLIF would be an ideal therapeutic in targeting these inflammatory macrophages to diminish the detrimental consequences. Moreover, NanoLIF can be modified with other antibodies to enhance its effects in a cell specific manner.
We expect that protecting LIF with nanoparticles should dramatically improve motor skills in human patients. The prolonged release of LIF from the nanoparticle will further enhance this agent's therapeutic efficacy. CD11b-NanoLIF will decrease inflammation by targeting activated peripheral macrophages LIF released into the bloodstream will traverse the blood brain barrier via specific transporters and enter the injured brain. LIF release from NanoLIF in the brain will activate neuroprotective signaling in stroke-compromised oligodendrocytes and neurons (Figure 1 ). This approach is not restricted to stroke, but would be applicable to other brain injuries or organ pathologies that require inhibition of inflammation and/or cellular protection.
CONCLUSIONS
In this work, we developed LIF-loaded nanoparticles (NanoLIF) to improve the pharmaceutical and therapeutic properties of the cytokine for stroke treatment. NanoLIF effectively protects LIF against temperature changes (25°C and 37°C) and facilitated sustained release of the cytokine over 72 h. NanoLIF and CD11b-NanoLIF inhibit M1 cell proliferation at a significantly higher efficacy than free LIF alone. CD11b-NanoLIF that can target cells expressing CD11b antigen such as inflammatory macrophages may block the peripheral immune response and provide neuroprotection by releasing LIF to protect oligodendrocytes and neurons in the stroke-injured hemisphere for future clinical applications.
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